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Abstract  Protein folding is often hampered by protein aggregation, which can be 
prevented by a variety of chaperones in the cell. In this review, I summarize recent 
topics on in vitro and in vivo approaches to understand the role of Escherichia coli 
chaperones to prevent protein aggregations.

1  Introduction

A protein must fold into the correct tertiary structure after emerging from the ribo-
some. The unique native structure of a protein is encoded in its amino acid sequence 
[1]. However, protein folding is often hampered by protein aggregation, which is 
generally prevented by a variety of chaperone proteins in the cell [2]. Chaperones 
are also involved in other multiple cellular processes associated with the conforma-
tional changes of proteins, such as stress responses [2].

Many efforts over the past two decades have been dedicated to elucidate the 
mechanism of molecular chaperones. The best-characterized chaperones are those 
in Escherichia coli. In E. coli, three major chaperone systems are involved in the 
folding of newly synthesized proteins in the cytoplasm [2]. The first is trigger factor 
(TF), which directly associates with ribosome and interacts with nascent chains co-
translationally [3]. TF associates with L23 ribosomal protein in a monomer with the 
dragon-shaped structure [3]. The second is DnaK, which is one of the Hsp70 family 
conserved widely in all kingdoms of life. DnaK, as other Hsp70 proteins, consists 
of two domains, an adenosine triphosphatase (ATPase) domain and a polypeptide-
binding domain [2, 4]. The interaction of DnaK with the substrate polypeptide is 
ATP dependent. DnaK binds substrate proteins with high affinity in the adenosine 
diphosphate (ADP) state, and with low affinity in the ATP state. The function of 
DnaK is regulated by cofactors, DnaJ and GrpE. DnaJ binds denatured proteins in 
an ATP-independent manner to be targeted to DnaK. GrpE is a nucleotide exchange 
factor to regulate the ATPase cycle of DnaK. The third is GroEL, which belongs to 
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conserved chaperonin family. GroEL forms a large cylindrical complex with co-
chaperonin GroES in the presence of ATP, which encapsulates substrate proteins 
into its cavity to assist the folding [2, 4, 5]. The bacterial GroEL and GroES are the 
only indispensable chaperones for the viability of E. coli [6, 7]. GroEL consists of 
two heptameric rings of 57 kDa subunits, and provides binding sites for non-native 
substrate proteins. GroES, a dome-shaped heptameric ring of ~ 10 kDa subunits, 
caps GroEL in the presence of adenine nucleotides, forming a central cavity that can 
accommodate substrate proteins up to ~ 60 kDa in size [8, 9].

It has been known that these three chaperone systems act cooperatively; TF 
and DnaK are known to exhibit overlapping co-translational roles in vivo [10–12], 
whereas GroEL is believed to be implicated in folding after the polypeptides are re-
leased from the ribosome, albeit that possible cotranslational involvement of GroEL 
has also been reported [13–16].

In addition to the “classical” functions in the protein folding, chaperones are 
proposed to promote protein evolution by buffering the destabilization of proteins 
caused by harmful genetic mutations [17–21]. The absolute requirement of chaper-
ones for cellular functions and for protein evolution might account for the fact that 
an organism lacking chaperones has not been identified.

To understand protein folding in the cell, we at first need to know which proteins 
are aggregation-prone. Then, we have to tackle the question of which aggregation-
prone proteins are rescued by chaperones. In this review, I summarize recent topics 
on in vitro and in vivo approaches to understand the role of E. coli chaperones to 
assist folding by preventing aggregates formation. Main topics include global in 
vitro analysis of protein aggregation and chaperone effects on aggregation-prone 
proteins, and in vivo substrates of chaperonin GroEL and chaperone DnaK.

2 � In Vitro Analyses Using a Reconstituted Cell-Free 
Translation System

Chaperones are required to prevent protein aggregations [2]. Although we em-
pirically know some proteins are aggregation-prone, there is no systematic global 
analysis on which proteins are actually aggregation-prone or not. In general, it is 
very difficult to evaluate the aggregation propensity of a protein of interest after the 
expression of the protein in cells, since cells contain a variety of chaperone proteins. 
Similar limitation would be applicable for conventional cell-free analysis since cell 
lysates contain endogenous chaperones. In this context, chaperone-free translation 
system would be ideal to evaluate the aggregation-prone propensity of proteins of 
interest. A highly controllable cell-free translation system called the Protein syn-
thesizing Using Recombinant Elements (PURE) system was successfully reconsti-
tuted by using only the essential purified factors and enzymes that are responsible 
for gene expression in E. coli [22, 23]. The protein synthesis in this system has 
been proven to be highly manipulatable. Importantly, PURE system does not con-
tain any chaperone [22, 24]. Therefore, we can evaluate the inherent aggregation 
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propensities of proteins of interest in a translation-coupled manner under the chap-
erone-free conditions. In addition, this reconstituted translation system represents 
a straightforward approach for studying the chaperone-assisted folding of newly 
synthesized polypeptides, as the roles these chaperones play can be determined by 
simply adding them to the translation system.

2.1 � Global Aggregation Analysis of the Entire Ensemble  
of E. coli Proteins

Understanding the mechanism underlying aggregate formation is required for the 
development of a wide variety of protein sciences. However, the relationship be-
tween the protein aggregation propensities and the primary sequences remains 
poorly understood. Since it is empirically known that some proteins tend to aggre-
gate, several groups systematically studied the effects of mutations in proteins of in-
terest that caused the formation of insoluble aggregates [25–28]. Aggregation-prone 
properties of thousands of E. coli proteins were evaluated using PURE system [29].

2.1.1  Experiment

The scheme of the global analysis is shown in Fig. 15.1: the one-by-one synthesis of 
individual E. coli proteins, the quantification of solubility by a centrifugation-based 
assay, and the statistical analyses of the collected data. This is an “in vitro (reconsti-
tuted) proteome” approach, in which the properties of thousands of proteins, includ-
ing proteins with extremely low abundance in cells, are investigated individually 
after cell-free translation.

A comprehensive analysis, in which the complete E. coli open reading frame 
(ORF) library (ASKA library) [30] was translated in the PURE system under the 
same conditions, was conducted. The ASKA library consists of all predicted ORFs 
of the E. coli genome, including membrane proteins [30]. A total of 4132 ORFs 
were individually amplified by polymerase chain reaction (PCR) using a common 
primer set, and then were used for protein synthesis in the PURE system at 37 °C 
for 60 min.

The 35S-methionine-labeled proteins were quantified after electrophoresis of the 
translation products. Approximately 70 % of the E. coli ORFs (3173 proteins out of 
4132) were successfully quantified. The remainder was not quantified, due to insuf-
ficient translation and trouble during the electrophoresis. The unquantifiable group 
contained ~ 60 % of the inner membrane proteins (435/754), whereas more than 
80 % of the cytoplasmic proteins (2277/2688) were quantified.

The propensity for protein aggregation was examined by a centrifugation assay 
[15, 24]. An aliquot of the translation mixture was centrifuged. The proportion of 
the supernatant fraction, which was obtained after the centrifugation of the transla-
tion mixture, to the uncentrifuged total protein was defined as the solubility, the 
index of the aggregation propensity.
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Fig. 15.1   An in vitro expressed proteome approach for global aggregation analysis. Schematic 
illustration of the experiment. Escherichia coli proteins were separately expressed with a reconsti-
tuted cell-free translation system, the PURE system, in the absence and the presence of the major E. 
coli chaperones (trigger factor, TF; GroEL/GroES, GroE; DnaK/DnaJ/GrpK, KJE). Each translation 
product was labeled with [35S]methionine. After translation, the uncentrifuged total fraction ( Total) 
and the supernatant fraction after centrifugation ( Sup) were electrophoresed and quantified by auto-
radiography. The ratio of the translation products in the Total and Sup fractions was defined as the 
solubility, which represented the aggregation propensity of the protein. Reprinted from ref [44]
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2.1.2  Bimodal Solubility Distribution

A histogram of the individual solubilities, based on data from 3173 translated pro-
teins, showed a clear bimodal, rather than normal Gaussian, distribution (Fig. 15.2), 
indicating that the aggregation propensities are not evenly distributed across a con-
tinuum. Subtraction of the predicted integral membrane proteins from the data did 
not change the bimodal distribution, suggesting that the cytoplasmic proteins can 
be categorized into an aggregation-prone group and a highly soluble one. To elu-
cidate which characteristics of the protein influence this bimodality, we compared 
a variety of protein properties in the aggregation-prone (Agg: defined as less than 
30 %) and highly soluble (Sol: defined as more than 70 %) groups. One might ex-
pect that the bimodal distribution in the histogram is simply due to the difference 
in the synthesized yield of proteins, since it has been generally believed that higher 
protein concentrations generate more protein aggregates. However, this is not the 
case, since there is no apparent correlation between the solubilities and the yields.

The essential proteins tended to be enriched in the high solubility group, sug-
gesting that the essential proteins might have evolved to be soluble for their ir-
replaceable properties. In addition to the essentiality, the solubilities are strongly 
dependent on the functions. For example, structural component group, which is 
mainly composed of ribosomal proteins, and factor group, which includes transcrip-
tion or translation factors, chaperones, and proteases, showed a strong bias to the 
high solubility group. In contrast, the proteins in the transporter group tended to 
be aggregation-prone. Regarding the oligomeric states of the proteins, preliminary 
analysis shows that hetero-oligomers seem to be aggregation-prone although we 
cannot say the tendency is statistically significant due to the incomplete database on 
the oligomeric states.

2.1.3  Physicochemical Properties

The physicochemical properties of the proteins, such as the molecular weights, the 
deduced isoelectric points (pI) and the amino acid residue content were compared 

Fig. 15.2   Histogram of solu-
bility for the 3173 quantified 
proteins. The proteins with 
solubilities below 30 % and 
above 70 % were defined as 
the aggregation-prone ( Agg) 
and soluble ( Sol) groups, 
respectively. Adapted from 
ref [29]
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to address the relationship between solubility and amino acid sequence. The dis-
tribution of molecular weights in the soluble group was shifted to smaller sizes as 
compared with the total histogram. Regarding the pI, an enrichment of low pI (5–7) 
proteins in the high solubility distribution was observed, whereas the aggregation-
prone proteins showed a somewhat broader pI distribution (ranging from 5 to 10). 
Analysis to test whether the amino acid residue content affected the solubility re-
vealed that higher contents of negatively charged residues (Asp and Glu) tended to 
be soluble. Higher contents of aromatic residues (Phe, Tyr, and Trp) were slightly 
biased to be aggregation-prone. In contrast, no significant difference was observed 
in the contents of hydrophobic residues (Val, Leu, and Ile) and positively charged 
residues (Lys, Arg, and His). Since it has been believed that the hydrophobic in-
teraction is a critical driving force in aggregate formation, the lack of an apparent 
correlation in the hydrophobic residue content was unexpected. Other attempts to 
detect a bias between the solubility and the hydrophobicity, including a well-known 
hydropathy plot analysis [31, 32], which shows clusters of hydrophobic residues in 
the primary amino acid sequences, or several hydrophobic-polar alternates analyses 
also failed. We note that Gln/Asn-rich sequences including polyglutamine repeats, 
which tend to form amyloid fibrils, are very rare in the E. coli ORFs [33].

Several analyses related to the secondary structures were subsequently conduct-
ed. The secondary structure contents were predicted by using popular prediction 
methods, such as Chou-Fasman [34] and Psi-blast based secondary structure pre-
diction (PSIPRED) [35, 36]. However, a notable correlation between the predicted 
secondary structure content and the solubility was not detected.

To address the correlation between the solubilities and the tertiary structures, the 
solubilities with the Structural Classification of Proteins (SCOP) database, which is 
a comprehensive ordering of all proteins with known structures, according to their 
evolutionary and structural relationships [37] were compared. The classification is 
based on hierarchical levels: class, fold, superfamily and family. Superfamilies and 
families are defined as having a common fold if their proteins have the same major 
secondary structures in the same arrangement and with the same topological con-
nections. Roughly, the secondary structures did not correlate with the aggregation 
propensities. Regarding the SCOP folds some of the SCOP folds were extremely bi-
ased toward their solubilities. For example, in the periplasmic-binding protein-like 
II fold (SCOP fold: c94) group, which is largely dominated by deoxyribonucleic acid 
(DNA)-binding transcriptional regulator proteins, 83 % of the members were low 
solubility proteins (35 out of 42 assigned proteins), whereas only one protein was 
in a soluble group. Other low soluble folds included Pyridoxal-phosphate (PLP)-
dependent transferases fold (c67), DNA/ribonucleic acid (RNA)-binding 3-helical 
bundle fold (a4), triose phosphate isomerase (TIM) β/α-barrel fold (c1) and P-loop 
containing nucleoside triphosphate hydrolases (c37). For the highly soluble folds, 
we assigned Flavodoxin-like fold (c23), oligonucleotide/oligosaccharide-binding 
(OB)-fold (b40), and Thioredoxin fold (c47).

AQ1



40115  The Interaction Networks of E. coli Chaperones

2.1.4  Aggregation Propensity Prediction

These data can be applicable to several recently developed web tools to predict 
protein aggregation. However, none of the tools including TANGO [38], AGGR-
ESCAN [39], and PASTA programs [40] extracted a notable positive correlation 
between our datasets and the predicted results, probably due to the fact that the 
algorithms used in those programs basically relied on data from amyloid aggregates 
in eukaryotes. Other attempts to predict the solubilities based on this dataset have 
been developed [41–43].

2.2 � Global Analyses of Chaperone Effects on Aggregation-Prone 
Proteins

Global aggregation analysis under chaperone-free conditions has been extend-
ed to that in the presence of the major E. coli chaperones, TF, DnaK/DnaJ/GrpE 
(DnaKJE), and GroEL/GroES (GroE) [44].

In previous global aggregation analysis, aggregation-prone group was defined 
as the proteins with less than 30 % solubility [29]. Effects of chaperones were ex-
amined for the aggregation-prone E. coli proteins that are predicted to reside in the 
cytosol (792 proteins).

2.2.1  Experiment

All of the cytosolic aggregation-prone proteins were synthesized by the PURE sys-
tem at 37 °C for 60 min in the absence or presence of each chaperone. Each chap-
erone was added at the approximate physiological concentration based on previ-
ous assessments of chaperone activities under cell-free conditions [15, 45, 46]. The 
35S-methionine-labeled proteins were electrophoresed on Sodium dodecyl sulfate 
(SDS) gels and quantified. The aggregation propensity was examined by the cen-
trifugation assay [29]. Typical results are shown in Fig. 15.3a. Almost all of the 
proteins (788/792) were quantified for their solubilities under each condition.

In total, more than 3000 assays (788 proteins × 4 conditions = 3152) were con-
ducted. Overall, the chaperones tested effectively increased the solubility of the 
aggregation-prone proteins (Fig. 15.3b). Overall, the solubilities of two-thirds of the 
proteins (526/788) were drastically increased, defined as more than a 50 % increase, 
in the presence of any one of the chaperones. The proteins that were not rescued 
by any one of the chaperones, defined as less than a 20 % increase in the solubility, 
represented only 3 % of the total (24 out of 788). Taken together, this comprehen-
sive analysis has explicitly confirmed the global role of chaperones in preventing 
the aggregation of hundreds of proteins.
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2.2.2  Each Chaperone Effects

The effects of each chaperone were compared. It is noteworthy that TF had only 
a marginal effect. On the other hand, DnaKJE and GroE increased the solubili-
ties of many proteins. The solubilities of 409 and 287 proteins with DnaKJE and 
GroE, respectively, were drastically (> 50 %) increased. Approximately 30 % of the 
proteins with > 50 % increase in solubility (175 proteins) were common between 
DnaKJE and GroE, indicating that these overlapping proteins were rescued well by 
either DnaKJE or GroE. Taken together, the data clearly show the global effects of 
DnaKJE and GroE in preventing aggregation.

2.2.3  Physicochemical Properties

To further investigate the effects of DnaKJE and GroE, the data on DnaKJE and 
GroE were plotted in two dimensions. A substantial fraction of the proteins was 
biased toward DnaKJE or GroE. These biases suggest that DnaKJE and GroE could 
have different recognition modes for substrates. To extract the possible preferences 
of DnaKJE and GroE, physicochemical properties of the proteins were analyzed. 
Some biases were observed in molecular weights when the analysis was limited 
in the proteins that were well-solubilized by either DnaK or GroE, defined as the 
upper quartile (≥ 75th percentile) in the distribution. GroE is biased toward lower 
molecular weight proteins (20 ~ 50 kDa), whereas DnaKJE is effective for larger 
ones (> 60 kDa).

To address the correlation between the chaperone effects and the tertiary or qua-
ternary structures, the SCOP database (class and fold) [37] and the oligomeric states 
of proteins were compared, although only a small number of proteins was analyzed, 
due to the limited database size. When classified by the SCOP classes (all-α, all-β, 
α/β, and α+β), DnaKJE was effective for the α+β class, whereas GroE was not ef-
fective for the all-α class. Furthermore, there are some biases for DnaKJE and GroE 
in several SCOP folds. GroE was biased toward the c1 (TIM barrel) fold, which is 
plausible since the most abundant fold in the in vivo obligate GroE substrates is the 
TIM barrel fold [47, 48]. Neither DnaKJE nor GroE was effective for the a4 (DNA/
RNA-binding 3-helical bundle fold) and c94 (periplasmic-binding protein-like II) 
folds.

2.2.4  Cooperative Effects of Chaperones

Neither DnaKJE nor GroE could rescue a subset of proteins mapped around the 
lower left area in the plot (Fig. 15.3c), termed recalcitrant proteins. Various combi-
nations of chaperones were examined to investigate whether these recalcitrant pro-
teins could be solubilized. All of the recalcitrant proteins, which were defined as the 
proteins categorized in the lower quartiles in DnaKJE and GroE (53 proteins), were 
translated in the presence of chaperone combinations: TF+DnaKJE, TF+GroE, 
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DnaKJE+GroE, and TF+DnaKJE+GroE. The solubilities under the TF+DnaKJE 
and TF+GroE conditions were slightly increased, whereas the combination of 
DnaKJE and GroE was more effective for some of these recalcitrant proteins, re-
flecting the consensus that GroE and DnaKJE synergistically assist with the folding 
of nascent polypeptides [45, 49]. Strikingly, the addition of all three chaperones to 
the recalcitrant proteins drastically changed the solubility distribution: More than 
70 % of the recalcitrant proteins (38/53) showed significantly improved solubilities 
in the presence of all chaperones. These results suggest that TF also has the poten-
tial to act cooperatively with DnaKJE and GroE, although TF itself was not very 
effective in preventing aggregation.

2.3  Solubility Database of all E. coli Proteins (eSOL)

The dataset of aggregation analyses including chaperone effects are freely acces-
sible at online database ( eSOL database: http://www.tanpaku.org/tp-esol).

3  In Vivo Substrates of Chaperonin GroEL

An important goal in chaperonin biology is to identify a subset of obligate GroEL/
GroES (GroE) substrates that absolutely require GroE for folding in cells. Precise 
identification of the obligate GroE substrates should contribute to the identification 
of a distinctive role for GroE among chaperones, reveal the structural features of the 
obligate substrates, and shed light on the role of GroE in protein evolution.

3.1  Phenotype Analysis Using GroE-Knockdown Strain

One approach to identify obligate GroE substrates is a detailed analysis of the phe-
notypes of GroE-depleted cells. Since chaperonin GroE is the only indispensable 
chaperone for the viability of E. coli [6, 7], GroE-deletion strain is not available. 
However, a conditional GroE expression strain, MGM100, in which the native 
groE chromosomal promoter region has been replaced with the araC gene and the 
araBAD promoter [50]. When the sugar in the growth medium is changed from 
arabinose to glucose, the GroE levels decrease by 90 % within 2 h in this strain [50]. 
Investigations of E. coli phenotype after the GroE-depletion have identified DapA 
and FtsE as obligate GroE substrates in the cell lysis and filamentous morphol-
ogy phenotypes, respectively [50, 51]. Although a detailed phenotypic analysis can 
precisely identify obligate GroE substrates, this approach is limited, in that the sub-
strates can only be identified one by one, and only in the cells with experimentally 
tractable phenotypes.
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3.2 � Mass Spectrometry-based Proteomics of GroEL Interacting 
Proteins

Another approach to substrate identification is a proteome-wide analysis. Hundreds 
of GroEL substrates have been identified using mass spectrometry (MS) [47, 52]. 
In particular, Kerner et al. have identified ~ 250 substrates that interact with GroE 
in E. coli and categorized them into three classes depending on their enrichment 
in the GroE complex: Class I substrates as spontaneous folders, Class II as partial 
GroEL-dependent substrates, and Class III as the potential obligate GroE substrates 
[47]. Notably, ~ 84 Class III substrates are estimated to occupy ~ 80 % of the avail-
able GroEL capacity in the cell. This classification was primarily based on the pro-
teomics of the GroE interactors. However, except for DapA, GatY, MetK, ADD, 
and YajO, which were verified as requiring GroE for folding, the in vivo GroE 
dependency of other Class III substrates has not been tested [47].

Impairment of GroE function in E. coli results in the accumulation or degrada-
tion of newly translated polypeptides due to misfolding. Wholesale accumulation 
of aggregates was observed in the severe temperature-sensitive GroE strain, which 
harbors GroEL (E461K) mutant instead of wild-type GroEL [53]. The proteomic 
analysis using MS of the aggregated proteins identified ~ 300 proteins [53]. Most of 
the identified proteins were cytoplasmic proteins, many known to be highly abun-
dant [53].

Note that similar approach to identify in vivo GroEL interactors has been applied 
to other bacteria besides E. coli. 24 ~ 28 GroEL interacting proteins were identified 
by MS-based proteomics in Thermus thermophilus and Bacillus subtils [54, 55].

3.3 � Combined Approach to Identify Obligate GroE-Dependent 
Substrates

Previous proteome-wide analysis of E. coli chaperonin GroEL interactors predicted 
obligate chaperonin substrates, which were termed Class III substrates. However, 
the requirement of chaperonins for in vivo folding has not been fully examined. In 
fact, one of the Class III proteins, ParC, was functional even under GroE-depleted 
conditions [51], raising the possibility that the predicted Class III proteins are not 
necessarily obligate substrates of GroE [48].

3.3.1  Proteomics of the Soluble Fraction in GroE-Depleted E. coli

In GroE-depleted cells, the known obligate GroE substrates either aggre-
gate (e.g., MetK) or are degraded (e.g., DapA, FtsE, and GatY) [47, 50, 51]. Thus, 
the abundance of other potential GroE obligate substrates would also be reduced 
in the soluble fraction of GroE-depleted cells. A proteome-wide analysis of the 
soluble fraction of GroE-depleted cells, using a conditional GroE expression strain 
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MGM100 [50], was therefore conducted to find candidate in vivo obligate GroE 
substrates. For proteomics, cells were subjected to a 2 h depletion of GroE in LB 
medium, during which the level of GroEL was reduced to less than 10 % of that 
in undepleted cells [50], and, as a control, cells with a normal level of GroE were 
also prepared. Note that diaminopimelic acid (DAP) was added to the medium to 
prevent cell lysis, a known consequence of DapA (a Class III substrate) deficiency 
in GroE-depleted cells [50]. The abundance of each protein was quantified by the 
exponentially modified Protein Abundance Index (emPAI), which provides an esti-
mate of protein abundance by quantitating non-redundant peptides identified by MS 
[56, 57]. As a control for the sugar-associated changes in the proteome, MG1655, 
the wild-type parent strain of MGM100, was also examined by the same procedures.

The proteomics quantified a total of 986 proteins in MGM100 cells under glucose 
and arabinose conditions. The relative abundances of proteins defined as emPAI-
glucose/emPAIarabinose shows that ~ 33 % of proteins were reduced by more than 50 % 
in MGM100 cells. The drastic reduction of many proteins during glucose growth 
in MGM100 cells was caused by the GroE-depletion. We note that a significant 
number of proteins were increased in the GroE-depleted cells, including methionine 
biosynthetic enzymes, such as MetE [7, 53, 58, 59], and certain chaperones, such 
as DnaK and SecB.

The proteome data were used to roughly choose candidate GroE substrates 
by the following criteria. First, the proteins with soluble abundance that was re-
duced during depletion to less than 50 % of that found during arabinose growth 
in MGM100 (as a genetic control) were chosen. The cutoff value of 50 % was set 
to minimize false negatives, as the highest solubility of known in vivo obligate 
GroE substrates was 46 %, as found with MetK. The 347 proteins chosen by the 
first criterion contained many false positives due to a sugar-associated reduction in 
their levels, and thus were filtered by a second criterion, in which the proteins with 
expression in MGM100 during glucose growth reduced to less than 50 % of that 
found during glucose growth in MG1655 were chosen. Using the genetic and sugar 
controls, 252 proteins among the detected 986 proteins met both criteria for rough 
candidate GroE substrates. The candidates included all of the in vivo tested obligate 
GroE substrates (MetK, GatY, and DapA), except for FtsE, which was not quanti-
fied in the proteomics, confirming the reasonableness of the selected threshold for 
the growth conditions used here. Then, the percentages of the candidates showing 
protein reductions in each of the GroEL substrate classes defined by Kerner et al. 
[47] were calculated. Eight percent of Class I, 32 % of Class II, and 56 % of Class 
III substrates were reduced in the GroE-depleted cells. The fraction of class mem-
bers showing reduced protein amounts increased with the degree of GroEL depen-
dence. It is also noteworthy that about 44 % of the Class III substrates (24 out of the 
43 quantified proteins) did not meet the criteria for GroE obligate substrates. This 
again suggests that a significant fraction of Class III members, in addition to ParC, 
are not obligate substrates in vivo.
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3.3.2  About 40 % of Class III Substrates Do Not Require GroE for Solubility

To assess whether ~ 40 % of the Class III substrates are not actually obligate GroE 
substrates, we developed methods, independent of proteomics, to verify their GroE 
requirement for solubility. The methods also aimed to comprehensively cover all 
of the Class III proteins suggested by Kerner et al. [47], since the proteomics of 
MGM100 detected only about half of the Class III substrates (43 of 84). The ex-
pression of individual target proteins was induced from a tac promoter in MGM100 
cells after a 2 h depletion of GroE, and their total amounts and the proportion in the 
soluble fraction were measured. The obligate GroE substrates would be expected 
to become insoluble or be degraded. To validate the strategy, proteins for which 
the status of GroE-dependence had already been verified were examined: Enolase 
(spontaneously folding in vitro, Class I), GatD (partial GroE dependent-folding in 
vitro, Class II), MetK, FtsE, DapA (the in vivo obligate GroE substrates, Class III), 
and ParC (assigned as Class III, but functional in the GroE-depleted cells) [47, 50, 
51]. Enolase, GatD, and ParC were soluble irrespective of the GroE level, whereas 
MetF, MetK, FtsE, and DapA aggregated in the GroE-depleted cells. The disap-
pearance or persistence of the bands under GroE-depleted conditions was almost 
complete, enabling easy and clear discrimination.

Next, the method was extended to all of the essential genes in the three GroEL 
substrate classes, to test the GroE requirement for solubility (G.R.) in cells. The 
solubility of the essential Class I and Class II proteins (proteins with low expres-
sion levels were not measured) was independent of the GroE levels, confirming that 
Classes I and II were not dependent on GroE for folding. The GroE-independence 
of Ppa (Class I), GatD, LpxA, HemL, and FabG (Class II), which were candidates 
of GroE substrates identified by the proteomics, indicated that not all of the candi-
dates predicted by the proteomics are in vivo obligate GroE substrates. The results 
showed that the in vivo obligate GroE substrates were enriched in Class III, but 
not in Class I and II proteins. More importantly, the results also indicated that ap-
proximately half of the Class III proteins did not require GroE for solubility, as 
already suggested by the above data. Depending on the in vivo GroE requirement, 
the Kerner’s Class III substrates were divided into Class III+ (plus; GroE dependent 
for solubility in vivo) and Class III− (minus; not GroE dependent for solubility in 
vivo). Finally, all of the remaining Class III substrates were tested for an in vivo 
GroE requirement. When all of the solubility assays for the Class III substrates were 
combined, Class III was divided into 49 Class III+ and 34 Class III− substrates.

GroE-independent folding of Class III− proteins under GroE-depleted conditions 
was demonstrated for several representative Class III− proteins. First, the intracellu-
lar thymidine concentration was not decreased in the GroE-depleted cells, implying 
that FolE, one of the essential Class III− proteins, is functional in GroE-depleted 
cells, since FolE-defective cells only grow in thymidine-supplemented rich me-
dium [60]. Second, the enzymatic activities of the Class III− proteins were directly 
assayed in the E. coli lysates. The activities of two essential Class III− proteins, an 
inositol monophosphatase, SuhB, and a tRNA methylase, TrmD, were measured in 
the lysates after the overexpression of Class III− proteins. The enzymes were active 
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in both the GroE-depleted and -normal cells, indicating that the enzymes are both 
soluble and functional in the GroE-depleted cells. Among the Class III− substrates, 
only 4 proteins (ParC, FolE, SuhB, and TrmD) are essential. Although the function-
ality of the remaining Class III− proteins was not tested, at least all of the essential 
Class III− proteins were physiologically functional even in the GroE-depleted cells, 
further supporting the validity of the Class III+ and III− grouping.

3.3.3 � Identification of Other In Vivo Obligate GroE Substrates  
that Were Not Previously Assigned as Class III Substrates

After the complete survey of the Class III substrates, other novel GroE obligate sub-
strates besides the identified Class III proteins were searched. The metabolomics 
data showed that the level of O-phosphoserine, the product of a Class II substrate, 
SerC, was reduced in the GroE-depleted cells, suggesting that SerC was not active 
in the cells. In addition, the proteomics data also suggested that SerC was reduced 
in the supernatant of the GroE-depleted cells. SerC was aggregated in the GroE-
depleted cells, strongly suggesting that the in vivo obligate GroE substrates are not 
confined to the identified Class III substrates.

Other putative GroE substrates were also identified. First, candidate proteins 
were selected based on the proteomics data under GroE-depleted conditions. The 
GroE requirement for a dozen drastically reduced proteins in the GroE-depleted 
cells was verified. These included 3 Class II proteins (KdsA, PyrC, and NuoC) and 
6 proteins that had not appeared among the GroEL interactors (GuaC, ThiL, SdaB, 
PyrD, NemA, GdhA). The solubility assays of these candidate proteins revealed 
that all of the Class II candidates and 2 of the other 6 candidates (PyrD and GdhA) 
behaved as in vivo GroE obligate substrates.

In addition, the homologs of Class III+ substrates were searched on a database 
and were evaluated for the GroE requirement in GroE-depleted cells. From this 
strategy, TatD and YjhH were identified as in vivo GroE obligate substrates.

3.3.4  Class IV Substrates as In Vivo Obligate GroE Substrates

Eight new proteins were added to the list of in vivo GroE obligate substrates. We 
have combined these 8 in vivo substrates with the 49 Class III+ members and now 
suggest their classification together to form a new group, the Class IV substrates 
(Table 15.1).

Taken together, a comprehensive assessment of the GroE requirement using a 
conditional GroE expression strain (MGM100) revealed that only ~ 60 % of Class 
III substrates are bona fide obligate GroE substrates in vivo, and renamed as Class 
III+ (49 proteins). The in vivo obligate substrates, combined with newly identified 
8 GroE obligate substrates, were termed Class IV substrates, for which folding is 
obligatorily dependent on GroE in vivo (Table 15.1) [48].
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Table 15.1   Obligate GroE substrates (Class IV substrates). (Source: Data from [48]) AQ2
Metabolic reactions
Gene b num Sola MWb pI Foldsc Function
yqaB b2690 13 % 20757 5.5 c.108 Fructose-1-phosphatase
rfbC b2038 n.d. 21246 5.5 b.82 dTDP-4-deoxyrhamnose-3,5-epim-

erase
acpH b0404 14 % 22938 5.9 Acyl carrier protein 

phosphodiesterase
serC b0907 17 % 28177 5.4 c.67 3-phosphoserine/phosphohy-

droxythreonine aminotransferase
gatY b2096 11 % 30782 5.9 c.1 D-tagatose 1,6-bisphosphate aldolase 

2, catalytic subunit
dapA b2478 n.d. 31238 6.0 c.1 Dihydrodipicolinate synthase
nanA b3225 16 % 32556 5.6 c.1 N-acetylneuraminate lyase
metF b3941 26 % 33068 6.0 c.1 5,10-methylenetetrahydrofolate 

reductase
dusC b2140 10 % 35162 6.1 c.1 tRNA-dihydrouridine synthase C
hemB b0369 7 % 35580 5.3 c.1 Porphobilinogen synthase
dusB b3260 16 % 35830 6.3 c.1 tRNA-dihydrouridine synthase B
lipA b0628 9 % 36043 8.1 Lipoate synthase
add b1623 15 % 36355 5.4 c.1 Adenosine deaminase
yajO b0419 5 % 36374 5.2 c.1 2-carboxybenzaldehyde reductase
ltaE b0870 10 % 36455 5.8 c.67 L-allo-threonine aldolase, 

PLP-dependent
pyrD b0945 13 % 36775 7.7 c.1 Dihydro-orotate oxidase, 

FMN-linked
nagZ b1107 12 % 37556 5.9 c.1 Beta N-acetyl-glucosaminidase
fbaB b2097 5 % 38071 6.2 c.1 Fructose-bisphosphate aldolase 

class I
kdsA b1215 30 % 38808 6.3 c.1 3-deoxy-D-manno-octulosonate 

8-phosphate synthase
pyrC b1062 4 % 38817 5.8 c.1 Dihydro-orotase
dadX b1190 3 % 38842 6.6 c.1; b.49 Alanine racemase 2, PLP-binding
asd b3433 19 % 39970 5.4 c.2; d.81 Aspartate-semialdehyde dehy-

drogenase, (nicotinamide 
adenine dinucleotide (phosphate)) 
NAD(P)-binding

fadA b3845 10 % 40872 6.3 c.95 3-ketoacyl-CoA thiolase (thiolase I)
bioF b0776 3 % 41557 6.6 c.67 8-amino-7-oxononanoate synthase
metK b2942 48 % 41898 5.1 d.130 Methionine adenosyltransferase 1
argE b3957 42 % 42301 5.5 d.58; 

c.56
Acetylornithine deacetylase

lldD b3605 4 % 42683 6.3 c.1 L-lactate dehydrogenase, 
FMN-linked

fabF b1095 8 % 42999 5.7 c.95 3-oxoacyl-[acyl-carrier-protein] 
synthase II

thiH b3990 n.d. 43279 6.6 Thiamin biosynthesis ThiGH com-
plex subunit

csdB b1680 11 % 44390 5.9 c.67 Selenocysteine lyase, PLP-dependent
rspA b1581 4 % 45919 5.7 d.54; c.1 Mannonate/altronate dehydratase

AQ3
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Metabolic reactions
Gene b num Sola MWb pI Foldsc Function
deoA b4382 13 % 47148 5.2 d.41; 

a.46; 
c.27

Thymidine phosphorylase

dadA b1189 12 % 47558 6.2 c.5; 
d.16; 
c.3; 
c.4; 
c.2

D-amino acid dehydrogenase

gdhA b1761 22 % 48530 6.0 c.2; c.58 Glutamate dehydrogenase
eutB b2441 13 % 49334 4.8 a.105; 

c.1
Ethanolamine ammonia-lyase, large 

subunit, heavy chain
xylA b3565 n.d. 49691 5.8 c.1 D-xylose isomerase
uxaC b3092 8 % 53925 5.4 c.1 Uronate isomerase
araA b0062 8 % 56021 6.1 c.118; 

b.71
L-arabinose isomerase

aldB b3588 n.d. 56306 5.4 c.82 Aldehyde dehydrogenase
sdhA b0723 10 % 64355 5.9 a.7; c.3; 

d.168
Succinate dehydrogenase, flavopro-

tein subunit
frdA b4154 51 % 65904 5.9 a.7; c.3; 

d.168
Fumarate reductase (anaerobic) 

catalytic and NAD/flavoprotein 
subunit

nuoC b2286 18 % 68683 6.0 e.18 NADH:ubiquinone oxidoreductase, 
chain C,D

Other processes
ftsE b3463 12 % 24425 9.4 c.37 Predicted transporter subunit: 

ATP-binding component of ABC 
superfamily

fucR b2805 36 % 27342 7.8 a.4; c.35 DNA-binding transcriptional 
activator

tatD‡ b4483 n.d. 28961 5.2 c.1 DNase, magnesium-dependent
nfo b2159 14 % 31444 5.4 c.1 Endonuclease IV with intrinsic 3′-5′ 

exonuclease activity
argP b2916 17 % 33438 6.4 c.94; a.4 DNA-binding transcriptional activa-

tor, replication initiation inhibitor
tldE b4235 16 % 48313 5.4 Protease involved in Microcin B17 

maturation and in sensitivity to the 
DNA gyrase inhibitor LetD

pepQ b3847 15 % 50122 5.6 d.127 Proline dipeptidase
tldD b3244 91 % 51295 4.9 Protease involved in Microcin B17 

maturation and in sensitivity to the 
DNA gyrase inhibitor LetD

Unknown
ycfH b1100 n.d. 29772 5.2 c.1 Predicted metallodependent 

hydrolase
yafD b0209 10 % 29972 9.6 d.151 Conserved protein
ybjS b0868 7 % 38089 8.8 c.2 Predicted NAD(P)H-binding 

oxidoreductase
yneB b1517 34 % 31859 6.1 c.1 Predicted aldolase

Table 15.1   (continued) 
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Class IV substrates are restricted to proteins with molecular weights that could 
be encapsulated in the chaperonin cavity, are enriched in alanine/glycine residues, 
and have a strong structural preference for aggregation-prone folds. Notably, ~ 70 % 
of the Class IV substrates appear to be metabolic enzymes, supporting a hypotheti-
cal role of GroE in enzyme evolution.

3.3.5 � GroE-Dependency of In Vitro Translated Class III−  
and Newly Identified Class IV Proteins.

To elucidate the in vitro GroE-dependency of the newly identified substrates, a 
Class III− protein (FolE) and several Class IV proteins (DapA as a known obli-
gate substrate, and SerC and KdsA as newly identified Class IV substrates) were 
translated by PURE system [15, 22, 29]. The requirements of the DnaK (DnaK, 
DnaJ, and GrpE) and GroE (GroEL and GroES) chaperone systems on the folding 
were monitored by the solubility and the appearance of folded structures, defined 
as a sharp band in native polyacrylamide gel electrophoresis (PAGE). FolE (Class 
III−) was soluble and formed a folded structure even in the absence of chaperones. 
In contrast, all of the Class IV proteins tested (DapA, SerC, and KdsA) were ag-
gregation-prone without chaperones. The addition of the DnaK system increased 
the solubilities of the Class IV proteins to a greater or lesser extent, but the folded 
structures were not detected in native PAGE, implying that the soluble but unfolded 
structures in the presence of DnaK might be easily degraded in vivo. The Class IV 
proteins were soluble and formed folded structures only in the presence of GroE. 
The in vitro folding assay further confirmed our conclusion, in which the Class IV 
substrates, including the substrates that were not originally assigned as Class III 
(SerC and KdsA), stringently require GroE for correct folding.

Metabolic reactions
Gene b num Sola MWb pI Foldsc Function
yjhH‡ b4298 8 % 32714 5.3 c.1 Predicted lyase/synthase
yjjU b4377 7 % 39794 8.7 Predicted esterase
yfbQ b2290 21 % 45468 5.9 c.67 Predicted aminotransferase
dTDP thymidine diphosphate glucose, tRNA transfer ribonucleic acid, PLP pyridoxal-phosphate, 
FMN flavin mononucleotide, ATP adenosine triphosphate, DNA deoxyribose nucleic acid
n.d. not determined in [29]
a Sol: solubility in a reconstituted cell-free translation without any chaperone [29]
b MW: molecular weight (Da)
c SCOP fold ID of the proteins

Table 15.1   (continued) 
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3.3.6  Amino Acid Sequence Features of Class IV and III− Proteins

To define the features that are correlated with in vivo GroE dependency, physi-
cochemical properties of the Class IV and III− proteins were compared. First, the 
molecular weights of the Class IV substrates were distributed normally, with a peak 
around 40 kDa, and ranging from 21 to 68 kDa, whereas the molecular weights of 
the 34 Class III− proteins ranged broadly, including 5 proteins smaller than 20 kDa 
and 4 proteins larger than 70 kDa, including ParC (84 kDa).

Second, the pI distribution and the hydrophobicity of Classes IV and III− were 
compared. The pI values of the Class IV substrates were distributed with a single 
peak around pI 5.8, whereas the pI distribution of the Class III− members was bi-
modal and similar to that of all cytosolic proteins of E. coli. The hydrophobicity 
distribution of the Class IV substrates was similar to that of all cytosolic proteins, 
whereas the Class III− proteins had lower hydrophobicity than either Class IV or all 
cytosolic proteins.

Third, the amino acid compositions of the Class IV and III− proteins were ana-
lyzed. As expected from the differences in the pI distributions and hydrophobicity, 
the amino acid compositions also differed between Classes IV and III−. Specifi-
cally, positively charged amino acids (arginine, lysine, and histidine) were enriched 
among the Class III− members. Neither hydrophobic amino acids (phenylalanine, 
tyrosine, tryptophan, isoleucine, leucine, and valine) nor other amino acids (nega-
tive, polar, neutral, and sulfur-containing amino acids) were enriched in either Class 
IV or III−.

3.3.7  Class IV Substrates Are Inherently Aggregation-Prone

Inherent solubility of Class IV substrates under chaperone-free conditions were 
already evaluated by global aggregation analysis using PURE system [29]. The his-
tograms of the inherent solubilities of Classes IV and III− indicated a striking dif-
ference. The Class IV substrates were inherently highly aggregation-prone, whereas 
the Class III− proteins were broadly distributed from soluble to aggregation-prone.

3.3.8  Structural Features of Class IV Substrates

Previous studies on GroE substrates revealed that TIM barrel folds were substan-
tially enriched in Class III proteins [47]. Surprisingly, all of the TIM barrel folds 
identified in the Class III proteins, except one (GatZ), were within the Class IV 
substrates (Table 15.1). As a result, the TIM barrel folds were further enriched in 
the Class IV substrates with 25 out of 57 Class IV substrates identified in this study 
possessing one (Table 15.1). This enrichment further supports the notion that the 
TIM barrel fold is correlated with GroE dependency [47, 58]. Not only TIM bar-
rel folds (c.1 in SCOP database terminology [37]), but also FAD/NAD(P)-binding 
domains (c.3), PLP-dependent transferase like folds (c.67), and thiolase folds (c.95) 
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were highly enriched in the class IV substrates, as compared with the frequency of 
their appearance in all cytosolic proteins. As Masters et al. pointed out in the review 
[58], the aldolase superfamily (c.1.10) subclass of TIM barrel folds is preferred 
among Class III proteins. In addition, metallo-dependent hydrolase (c.1.9) super-
family folds is also enriched within the Class IV members.

3.3.9  Class IV Homologs in a GroE-Lacking Organism

The genome of Ureaplasma urealyticum lacks the groELS gene [61]. Therefore, 
it is worth testing whether the Class IV homologs in Ureaplasma are GroE depen-
dent. Five homologs of Class IV members ( UuDeoA, UuCsdB, UuGatY, UuMetK, 
and UuYcfH) were found in Ureaplasma, by BLAST search. The genes encoding 
UuDeoA, UuMetK, and UuYcfH were cloned and overexpressed in MGM100, and 
their solubilities were assessed under GroE-depleted conditions. Strikingly, all of 
the Class IV homologs tested were soluble, even in the GroE-depleted cells, indicat-
ing that the GroE dependency was not conserved among the homologs. In addition, 
the S-adenosylmethionine synthase activity of UuMetK in the lysate of the GroE-
depleted cells was comparable to that of the GroE-normal cells. Moreover, the leaky 
UuMetK expression suppressed the overexpression of MetE, which is one of the 
hallmarks of GroE-depleted cells [53, 58]. Collectively, UuMetK is active in the 
GroE-depleted cells. Intriguingly, the amino acid compositions of the Ureaplasma 
Class IV homologs revealed that the Ala/Gly fractions in all of the homologs were 
lower than those in their E. coli counterparts, whereas the contents of other amino 
acid groups, including aromatic, hydrophobic and positive amino acids, were indis-
tinguishable from those in the E. coli counterparts. The amino acid content analysis 
again raises the possibility that a high Ala/Gly content might be involved in GroE 
dependency.

3.3.10  Possibility to Create GroE-Lacking E. coli

Verified obligate GroE substrates included only 6 genes (DapA, ASD, MetK, FtsE, 
HemB, and KdsA) essential for the viability of E. coli in rich medium. Although un-
identified essential Class IV substrates may exist among the proteins that were not 
tested, we can predict the possible phenotypic defects caused by their inactivation in 
the GroE-depleted cells. If there are no further essential GroE-dependent proteins, 
then the complementation of these 6 essential genes by some means should generate 
an E. coli strain that can grow without groEL/ES. Such viable groEL/ES-knockout 
E. coli would provide the answer to the long-standing question of why GroE is es-
sential for cell viability. Alternatively, the complementation of the 6 essential genes 
in E. coli lacking groEL/ES could be still lethal, due to the presence of unidentified 
essential Class IV substrates. In such a case, we can extend the phenotypic analysis 
to find the unidentified Class IV members, using the engineered E. coli.
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3.3.11  Implication to Protein Evolution

Chaperones are known to provide a buffering system for genetic mutations, and 
thus promote genetic diversity [19, 62]. A recent quantitative assessment clearly 
showed that GroE promotes enzyme evolution by buffering the destabilizing muta-
tions that confer improved enzymatic activities [21]. Since the destabilization of 
proteins generally results in their intracellular aggregation, aggregation-prone pro-
teins, such as the Class IV substrates, could survive mutations if their aggregation 
is prevented by GroE, leading to the acquisition of diversity and/or the potential 
improvement of the enzymes in the Class IV substrates.

As already mentioned, many chaperonin GroE substrates are metabolic en-
zymes. However, the relationship between chaperonins and metabolism is still un-
clear. The distribution of GroE substrate enzymes in the metabolic network was 
investigated using network analysis techniques. Bioinformatics analysis revealed 
that as GroE requirement increases, substrate enzymes are more laterally distributed 
in the metabolic pathways [63]. In addition, comparative genome analysis showed 
that the GroE-dependent substrates were less conserved, suggesting that these sub-
strates were acquired later on in evolutionary history [63]. This result implies the 
expansion of metabolic networks due to this chaperonin, and it supports the existing 
hypothesis of acceleration of evolution by chaperonins [64].

4  In Vivo Substrates of E. coli DnaK and Trigger Factor

DnaK, the major bacterial Hsp70 family is one of most abundant chaperones in the 
cytosol of E. coli. After an initial attempt to identify DnaK substrates in E. coli lack-
ing trigger factor upon DnaK depletion [12], the direct isolation of DnaK-substrate 
complexes was conducted [65]. Quantitative MS-based proteomics revealed that 
DnaK interacts with at least ~ 700 proteins, including ~ 180 relatively aggregation-
prone proteins. The study also focused on the role of DnaK in the E. coli chaperone 
network. Individual deletion of TF or depletion of GroE leads to specific changes in 
the DnaK interactome, suggesting that DnaK and other chaperones cooperates each 
other in E. coli cells. Taken together, Calloni et al. concluded that DnaK is a central 
organized of the chaperone network [65].

Regarding TF, modified ribosome profiling, which sequences messenger ribo-
nucleic acid (mRNA) fragments covered by translating ribosomes, combined with 
a procedure to affinity purify ribosomes whose nascent polypeptides are associated 
with TF, called selective ribosome profiling, was used to reveal in vivo target pro-
teins of TF [66]. Although TF can interact with many polypeptides, β-barrel outer 
membrane proteins are the most prominent substrates of TF [66].
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5  Simulation of E. coli Chaperone Network

Proteins must fold into the unique native structures in a crowded environment in 
the cell. To understand the role of chaperones such as GroE or DnaK in the cell, we 
have to consider a balance between folding assisted by chaperones and degradation 
by proteases to maintain protein homeostasis, called proteostasis [2]. To gain insight 
into the interplay of processes and chaperones that maintain a functional proteome, 
a computational model called FoldEco was developed by Powers et al. [67].

FoldEco (http://foldeco.scripps.edu.) is the result of a joint effort to model how 
the proteostasis network affects protein folding in E. coli. E. coli was chosen as a 
model organism because its proteostasis networks are better characterized biochem-
ically than those of any other organism. FoldEco simulates what happens to soluble 
proteins of interest as they are produced in the E. coli cytosol with five systems: 
protein synthesis and folding, DnaK system, GroE system, ClpB/DnaK disaggrega-
tion system, and protein degradation system. We can easily change parameter such 
as concentrations of chaperones in FoldEco to predict the fate of proteins of interest.

6  Concluding Remarks

After the emergence of chaperone concept in the late 1980s [68], extensive efforts 
have been dedicated to elucidate the molecular mechanism of chaperone proteins 
such as GroE or DnaK [2]. Compared to the understanding of chaperones as mo-
lecular machine, the role of chaperones in the cell still remains to be elucidated. 
Recent proteome-wide approaches from cell-free to in vivo would open the door to 
understand cellular functions of chaperones.
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